We examine the relationship between aeolian iron deposition, ocean circulation and atmospheric CO 2 in the context of a global ocean circulation and biogeochemistry model with coupled atmospheric reservoir of CO 2 . In common with previous models we find only a small reduction of atmospheric pCO 2 in response to an enhanced aeolian iron source consistent with Last Glacial Maximum conditions. We show this to be due to a combination of limiting factors including control of deep ocean iron concentrations by complexation to an organic ligand, regional compensation in changes to export production, and the maintenance of high pre-formed nutrient concentrations in deep water formation regions. In strong contrast, we find a significant response to a reduction of the aeolian iron source and suggest that climate-carbon-iron feedbacks are more likely to be important in the transition to, and maintenance of, equable climates. Finally we demonstrate a signficant sensitivity of atmospheric pCO 2 to changes in the residual mean overturning circulation of the Southern Ocean dominated by its regulation of the accumulation of biogeonic carbon in the deep ocean. A reduction in overturning can lead to significant reduction in atmospheric pCO 2 , providing mechanistic basis for the control by "vertical mixing" inferred from box models.
Introduction
Ice core records show that atmospheric pCO 2 was approximately 80-100 ppm lower during the Last Glacial Maximum (LGM) than the pre-industrial interglacial value of 280 ppm (Barnola et al., 1987; Petit et al., 1999) . The cause of atmospheric pCO 2 variations between glacial and interglacial times are not well understood and there have been a number of oceanic mechanisms proposed (Sigman and Boyle, 2000) . Some of these mechanisms are linked to the physics of the ocean: enhanced sea-ice coverage in the Southern Ocean to prevent outgassing of pCO 2 (Stephens and Keeling, 2000; Keeling and Stephens, 2001 ) or changes to stratification or mixing in the Southern Ocean (Francois et al., 1997; Toggweiler, 1999; Gildor and Tziperman, 2001; Gildor, 2004) . Other hypotheses focus on biogeochemical mechanisms, such as iron fertilization (Martin, 1990; Kumar et al., 1995) and changes in the marine calcium carbonate budget (Sigman et al., 1998) . These, and other hypotheses, are reviewed by Sigman and Boyle (2001) . In this manuscript we explore physical and biogeochemical mechanisms underlying some of the hypotheses in the context of a suite of sensitivity studies with a numerical model.
One compelling biogeochemical mechanism, proposed by Martin (1990) , was that an increase in the dust flux and supply of iron during the last LGM could have fertilized the remote Southern Ocean, increased the efficiency of the soft-tissue biological pump, thereby decreasing atmospheric carbon dioxide. This is consistent with evidence of an increase in the aeolian source of dust during glacial periods (Petit et al., 1999) . In situ iron fertilization experiments have indeed demonstrated that primary productivity is limited by iron in high nutrient, low chlorophyll regions of the ocean (Martin et al., 1994; Coale et al., 1996; Boyd et al., 2000; Tsuda et al., 2003; Boyd et al., 2004) and modest increases in export production have been observed following these experiments (Buesseler et al., 2004; Boyd et al., 2004) . Numerical models provide a framework in which to explore the implications on the global scale. Current limitations in the understanding of the biogechemistry of iron in the ocean, and the sparsity of ocean iron observations, indicate that such models are still very speculative (including this one). Box models have suggested a wide range of responses to glacial levels of aeolian dust transport (up to 40 ppmv, Lefévre and Watson, 1999; Watson et al., 2000) while in the current generation of three-dimensional models it drives only a small fraction of the observed change in pCO 2 (8-15 ppmv; Archer et al., 2000; Bopp et al., 2003 ; this study). Here we seek to understand what prevents a stronger response in these models.
Alternatively, has been suggested that an increase in Southern Ocean stratification (Francois et al., 1997) could lead to enhanced nutrient utilization, a more efficient biological pump, and a significant reduction of atmospheric pCO 2 . In box model studies a reduction in Southern Ocean vertical mixing can have similar effect (Toggweiler, 1999; Gildor, 2004) though what dynamical processes the changes in vertical mixing coefficients represents is not quite clear. Keeling and Visbeck (2001) suggest that the relationship may be more complex due to the regulation of the residual mean overturning by stratification in the Southern Ocean. The residual mean flow, i.e. the net transport by Eulerian mean and eddy advection, is controlled by surface wind-stress and buoyancy forcing (Marshall, 1997; Karsten and Marshall, 2002) and regulates the delivery of macro-nutrients and iron from the circumpolar deep waters to the surface (Ito et al., 2005) . This is perhaps the dominant global pathway for the return of nutrients from the deep ocean to the surface. The residual mean flow also regulates the residence time of the upwelled waters in the surface circumpolar ocean, the transit time between upwelling and subduction during intermediate, or mode water, formation. Here we seek to clarify the relationship between Southern Ocean residual mean overturning affect the local cycling of iron, phosphorus, carbon and, ultimately, atmospheric CO 2 .
In a suite of idealized sensitivity studies with a numerical ocean circulation and biogeochemistry model, with a coupled atmospheric reservoir of carbon dioxide, we examine the response of the atmospheric pCO 2 to a broad range of variations in the aeolian dust source and residual overturning circulation. In (Section 2) we outline a simple, but qualitatively useful theoretical framework with which to relates "nutrient utilization", export production, and the residual mean circulation to atmospheric pCO 2 . We then describe the ocean model (Section 3) and discuss the implications of a series of sensitvity studies. We note that the model studies do not attempt to simulate in detail the state of the ocean at the LGM. Indeed we make some strong assumptions, such as assuming a closed ocean-atmosphere carbon system, which would prevent that. Rather we seek to understand some of the ocean's physical and biogeochemical controls on atmospheric carbon dioxide. We explore a variety of forcing scenarios some of which might relate to colder, glacial climates while others are more relevant to warmer climates than present day.
Consistent with previous studies, atmospheric pCO 2 in this model has only a small response to an increased aeolian iron source. We show that this is due to a combination of physical and biogeochemical caps on the efficiency of the oceans soft tissue pump. In contrast, we find a very strong response to a reduction in the aeolian iron source which may be relevant to periods of warmer climate than todays. Likewise we also demonstrate that atmospheric pCO 2 is very sensitive to changes in Southern Ocean residual mean overturning.
Simple Theoretical Framework: Nutrient Utilization
We first present a highly idealized model which provides guidance when interpreting the complex, three-dimensional numerical model experiments. We note in advance that this simple framework is presented as an aid to qualitative interpretation of the general circulation model (GCM) results. Due to the many simplifications and assumptions, the simple framework cannot be expected to accurately capture the quantitative aspects of the more complex model.
Atmospheric pCO 2 is controlled not by the rate of export production alone, but by the efficiency of "nutrient utilization"; the fraction of total upwelled nutrients that is returned to depth in organic form (Francois et al., 1997; Sigman and Boyle, 2000; Ito and Follows, 2005) . This can be illustrated simply in a two-box model representing the euphotic layer and deep ocean (Fig. 1) . In this framework, a prognostic equation may be written for the surface phosphate concentration, P O 4s , is
where P O 4d is the phosphate concentration of the deep box, E (mol P s −1 ) is the global export of phosphorus, and V s (m 3 ) the volume of the surface ocean reservoir (i.e. euphotic zone). ψ (Sm 3 s −1 ) represents the exchange of surface and deep waters which we argue is dominated by the action of the residual mean overturning circulation. We define deep ocean phosphate as the sum of preformed (i.e. that brought into the interior by physical transport) and biogenic contributions (i.e. that which sinks as organic matter and remineralizes at depth): P O 4d = P O 4pre +P O 4bio . In this highly idealized framework, preformed phosphate is simply equivalent to the surface concentration: P O 4pre = P O 4s .
If we assume a steady state, the biological contribution of phosphate to the deep ocean, P O 4bio , is set by the relative rates of export production, E, and ocean overturning: ψ;,
Dividing each side by the deep ocean mean phosphate concentration, P O 4 , we find
where P * is defined as the fractional contribution of biological phosphate to the deep ocean total (Ito and Follows, 2005) . Notice that this is proportional to the effective nutrient utilization in the surface waters since it is the ratio of phosphorus exported in organic form, E, of the total phosphate upwelled, ψP O 4 .
If biological transformations occur in fixed elemental ratios (Redfield, 1934 (Redfield, , 1958 Redfield et al., 1963) then the biological storage of carbon in the deep ocean is simply related to P O 4bio by the Redfield ratio. Further assuming that the total ocean-atmosphere burden of carbon is fixed (i.e. closed system) and that changes to the Revelle factor (Revelle and Suess, 1957) are negligible it can be shown that atmospheric pCO 2 is linearly related to P * (Ito and Follows, 2005) :
. where γ ∼ 300 ppmv if air-sea gas transfer is relatively efficient (Ito and Follows, 2005) . This linear relationship is supported by sensitivity studies with an idealized, threedimensional circulation and biogeochemistry model (Ito and Follows, 2005) . Integrating (4) and combining with (3) we find the following, qualitative relationship between pCO 2 , export and overturning
where ∆pCO 2 is the a change in pCO 2 relative to its value if there is no soft-tissue pump, e.g. when export E = 0. Notice that E/P O 4 ψ measures nutrient utilization: It is the ratio of the globally integrated export production to the total global upwelling of phosphate. In this highly simplified framework it is equivalent to the global measure of nutrient utilization P * = P bio /P O 4 described and discussed by Ito and Follows (2005) .
Clearly both export production and ocean circulation are significant in controlling atmospheric pCO 2 and we will explore both in the context of a global circulation and biogeochemistry model. The relationship in (5) suggest a simple relationship between aeolian iron source and pCO 2 when ocean circulation is fixed: Relieving iron fertilization increasing export enhances nutrient utlization and reduces atmospheric pCO 2 . Changes in overturning have more complex implications since export,E is not independent of the circulation. However, if export were fixed, increasing overturning should lead to an increase in atmospheric pCO 2 because the residence time of deep waters is reduced and so too, the accumulation of remineralized organic carbon. A variational analysis indicates that the sensitivity of pCO 2 to ψ should be stronger at weaker overturning rates than large.
This conceptual model, while highly idealized, provides a useful framework for discussing the results of the general circulation model in later sections. However, we note that its utility is for qualitative interpretation; the two box framework is too simple to expect quantitative consistency.
Model Formulation

Physical Model
We overlay coupled carbon, iron and phosphorus cycle models on the MIT ocean circulation model (Marshall et al. 1997a, b; Adcroft et al., 1997) configured globally at coarse resolution (2.8 x 2.8 degrees, 15 vertical levels). The physical model is forced with a climatological annual cycle of surface wind stresses (Trenberth et al., 1989) , surface heat and freshwater fluxes (Jiang et al., 1999) with additional relaxation toward climatological sea surface temperature and salinity . In these coarse resolution studies, the effect of mesoscale eddy transfers is parameterized following Gent and McWilliams (1990) . Vertical turbulent mixing in the ocean is represented through a simple convective adjustment scheme. Figure 2 shows the model's annual mean, "residual" overturning circulation; the net effect of advection by mean flow and a contribution due to eddies. This configuration of the ocean model is similar to that used by Dutkiewicz et al. (2005) and Parekh et al. (2005) .
Biogeochemical Model
We model the coupled carbon, phosphorus and iron cycles, using a simplified parameterization of export production in which biological uptake and regeneration are indexed to phosphorus. We carry six biogeochemical tracers in the model, phosphate (P O 4 ), dissolved organic phosphorus (DOP ), dissolved inorganic carbon (DIC), alkalinity, oxygen (O 2 ) and dissolved iron (F e T ). The tracers are transported by the modeled circulation and mixing processes.
The biological consumption of phosphate is limited by the availability of F e, P O 4 or light (I) and is parameterized as
following McKinley et al. (2004) and Parekh et al. (2005) . Here α = 0.5 µM P month
is the maximum consumption rate; the half-saturation constants are K I = 30 W m −2 , K P O 4 = 0.5 µM and K F e = 0.12 nM. A fraction, ν = 0.67, of productivity, B, enters the DOP pool, which has an e-folding timescale for remineralization of 6 months (Archer et al., 1997; Yamanaka and Tajika, 1997) . The remaining fraction is instantaneously exported as sinking particulate and is remineralized at depth according to the empirical relationship of Martin et al (1987) . We assume that biological transformations of carbon and iron are linked to those of phosphorus by fixed elemental ratios (R C:P , R F e:P ). Here we use the term "export production" to refer to the component of net community production which becomes sinking organic particles; (1 − ν)B.
The ocean carbon cycle model is coupled to a simple, well-mixed atmospheric reservoir of CO 2 (Ito and Follows, 2003) . Air-sea exchange of CO 2 is parameterized as a function of local wind-speed following Wanninkhof (1992) and the equilibrium partitioning of dissolved inorganic carbon among the carbonate species is explicitly solved (Follows et al., 2005) .
We explicitly represent the oceanic cycle of iron in the model following (Parekh et al., 2004 (Parekh et al., , 2005 . The prognostic equation for total dissolved iron, F e T , is
The first two terms on the right represent advection by the residual mean flow, u res and sub-gridscale mixing, including an isopycnic eddy mixing component and a background vertical mixing. The third term on the right indicates the aeolian source of iron only active in the surface layer of the model. We impose an external aeolian source (F e in ) as estimated with an atmospheric transport model and here assume a uniform solubility, α F e = 1%. The fourth term on the right represents the sources and sinks of dissolved iron due to biological uptake and remineralization of organic matter. The last term on the right represents scavenging of free iron, F e . Following Parekh et al. (2004) we assume that dissolved iron is partitioned into free, F e , and complexed, F eL, forms, F e T = F e + F eL , and that only free iron is susceptible to scavenging. We impose a uniform concentration of total organic ligand, L T (Archer and Johnson, 1999) , also partitioned into free and complexed form,
Assuming rapid thermodynamic equilibration (Witter et al., 2000) , governed by the relation
where the conditional stability coefficient, log 10 (K F eL ) = 11, within the range estimated from laboratory and field studies. While the imposed total ligand concentration of 1 nM is higher than that assumed in some previous models (see discussion in Section 4) it falls within the observed range (Rue and Bruland, 1995; . It also results in plausible modeled deepwater gradients of F e T and a ubiquitous presence of free ligand which is also consistent with observations (Parekh et al., 2004 (Parekh et al., , 2005 . In this model only F e is susceptible to scavenging which is parameterized as a first order process proportional to the free iron concentration (Parekh et al., 2004 ) with a scavenging rate, k sc guided by those measured for thorium (Bacon and Anderson, 1982) .
Model Results: Pre-industrial Spin-up and Sensitivity Studies
For the modern spin-up, we force the model with monthly aeolian dust deposition, estimated with an atmospheric transport model and assume that iron is 3.5% weight of the dust (Fig. 3a) . Based on sensitivity studies with a box model (Parekh et al., 2004) and consistent with field and laboratory studies (Jickells and Spokes, 2001 ), we set the solubility of aeolian-derived Fe to 1%. It is likely that, in reality, the solubility varies significantly in space and time but there is, as yet, insufficient information to provide better constraint.
After several thousand years of spin up with atmospheric pCO 2 held at 278ppmv, the model closely approaches a steady, "pre-industrial" state. The interplay of iron and phosphorus cycles leads to elevated surface P O 4 concentrations in the HNLC regions (Figure 4a The pattern of air-sea flux of CO 2 (Fig. 5) is, in many respects, similar to that observed in the present day (Takahashi et al., 2002) with outgassing in the tropics, and uptake in most higher latitudes. However, since this is a pre-industrial, steady state scenario there are some differences: Notably, in the pre-industrial model, there are significant areas of outgassing in the Southern Ocean which are not seen today. Increasing atmospheric pCO 2 to present day levels in the model (not shown) leads to almost the whole Southern Ocean taking up CO 2 as is presently observed (Takahashi et al., 2002) .
We perform a suite of sensitivity experiments, all initiated from the final state of the spin-up. In all sensitivity experiments the atmospheric reservoir of CO 2 is dynamic, regulated by global, net air-sea fluxes and the total burden of ocean-atmosphere carbon is conserved. Riverine sources and interactions with the sediments are not represented. A control case (EXP0 ; Table 1 ), initialized by the spin-up, and with all forcings identical to the spin up, is integrated forward for a further 1000 years with dynamic atmospheric pCO 2 . The seven sensitivity studies, in which biogeochemical or physical forcings are varied, are also initialized from the spun up state and integrated for an additional 1000 years to approach new, adjusted steady-states (EXP1-EXP7; Table 1 ). All biogeochemical changes in the sensitivity studies are referenced to the control case (EXP0).
Variations in Aeolian Iron Source
Increased Dust Source: LGM
Data from ice cores (Petit et al., 1999) and sediments (Rea, 1994) suggest that the aeolian iron supply in the Last Glacial period increased by up to 20 times locally in the Southern Ocean and 2-5 times globally, relative to present day. Here we apply LGM dust forcing estimated in a model of the linked terrestrial biosphere, dust source and atmospheric transport (Mahowald et al., 1999; Figure 3b ). The ocean global aeolian iron source is 5.5 times higher than the modern aeolian forcing used in the pre-industrial control, and 7.5 times higher in the Southern Ocean. Despite the significant increase in the aeolian iron source there is a only a small decrease in atmospheric pCO 2 relative to the control (EXP1 -EXP0) of only 8ppmv after 1000 years, consistent with previously published models (Bopp et al., 2003; Archer and Johnson, 2000) . A combination of mechanisms dictates this limited response:
(i) Non-uniform Response of Export Production. The relationship in (5) suggests a linear relationship between export production, E and atmospheric pCO 2 . However, despite a global, five-fold increase in aeolian iron supply (EXP1), globally integrated export production has increased by a mere 2% relative to the control (EXP0). There is not a uniform global increase in production, as noted by Dutkiewicz et al. (2005) . Indeed some regions of the model exhibit a decrease in export. Biological export is enhanced in the upwelling, HNLC regions which are iron-limited in modern (pre-industrial) conditions. In contrast, export decreases in the subtropical gyres of the Pacific and throughout the Atlantic and Indian Ocean basins. The enhanced export in the HNLC regions reduces local surface phosphate concentrations and the lateral Ekman supply to the subtropical gyres (Dutkiewicz et al., 2005; Williams and Follows, 1998) . Likewise, increased productivity in the Southern Ocean and Indo-Pacific upwelling regions reduces the lateral, upper ocean transport of macro-nutrients into the Atlantic basin. Since the Atlantic basin is generally iron replete, the reduction of available phosphate decreases basin-wide productivity (see Dutkiewicz et al., 2005) .
(ii) Complexation and Regulation of Deep-water Iron Concentration. In addition, deep water iron chemistry and the strong control of the organic ligand on dissolved iron concentrations limit the effect of "iron fertilization" in the model. The major source of iron to the surface Southern Ocean is from upwelling water even in the LGM dust case (consistent with Lefévre and Watson, 1999) . Consider the upwelling iron flux in the Southern Ocean, w res F e T , where w res is the residual mean upwelling velocity and F e T the total dissolved iron concnetration. Since free iron, F e , is rapidly scavenged the deep ocean iron concentration cannot significantly exceed that of the total ligand, L T . As the aeolian source increases, the upwelling supply asymptotes to w res L T . As suggested by Lefévre and Watson (1999) we find the response of biological productivity in Southern Ocean to be most sensitive to the iron supply in the northern basins through the deep water source. However, due to the explicit parameterization of the control of deep ocean iron concentration by complexation, even the enhanced northern iron supply has limited effect. (See also discussion of the sensitivity to ligand concentration; Section 4.2).
(iii) Physical Controls on High Latitude Productivity and Pre-formed Nutrients. Finally we note that even in iron replete conditions in the modeled Southern Ocean, there is not a complete drawdown of macro-nutrients. At high latitudes where there is strong seasonality, significant ice cover and relatively deep summer mixed layers, light can be the dominant limiting factor for productivity (Popova et al. 2000) reducing the sensitivity to iron supply. In particular the strong winter mixing and spring restratification in the restricted regions of deep water formation selects for high preformed nutrient concentrations in the deep waters (Ito and Follows, 2005) even in iron replete conditions. These factors conspire to cap global ocean export production and the response of the soft-tissue pump to increased aeolian iron supply
Decreased Aeolian Iron Source
Much of the focus on the role of iron has centered around fertilization of the HNLC regions in a windier, drier and dustier glacial climate, and how this might draw down atmospheric pCO 2 . However, recent models, including this one, suggest only a small effect from iron fertilization alone.
In contrast there has been little consideration of climates in which there may be a reduced iron delivery to the oceans. There have been periods in earth history with significantly warmer climates than today's; for example the Late Permian (MICK-REF) or the Late Paleocene (MICK-REF). Such warmer climates are probably characterized by a more humid atmosphere, due to the increase in saturation water vapor concentration, and more vigorous hydrologic cycle than today. Furthermore, warm climate conditions are associated with weaker meridional atmospheric temperature gradients, a weaker jet stream and, perhaps, generally less windy conditions. Such circumstances could conspire to reduce the continental sources of dust and its transport to the remote oceans (Hovan and Rea, 1992; Rea et al., 1990; Rea, 1994) . In some periods of earth history, such as the late Permian, the great extent of the single, large ocean basin (MICK-REF) would further aggravate the iron stress. How might a significant reduction in the aeolian iron source affect ocean productivity and atmospheric CO 2 ?
There is also a more immediate interest: Models suggest that over the next century atmospheric dust loading could alter by between +20% (Tegen et al., 2004) and -60% , relative to the present-day, based on several near-future climate scenarios and assumptions about anthropogenic effects. Comparison of satellite data from 1981-1986 (CZCS) and 2000 has also been interpreted to suggest that iron deposition decreased by 25% over the oceans (Gregg et al., 2003) . How might a significant decrease in the delivery of dust to the remote oceans, should it be possible, affect ocean productivity in the forthcoming decades?
We examine the sensitivity of atmospheric pCO 2 to decreasing dust flux in our model. We reduce the amplitude of the modern dust deposition pattern globally by a factor of 50% (EXP2), 90% (EXP3) and 100% (EXP4), maintaining the same regional structures, and examine the response in atmospheric pCO 2 after one thousand years (i.e. approaching a new steady state). Decreasing aeolian iron flux 50% results in a 14 ppm increase in pCO 2 relative to the control, while a decreasing of 90% results in a 94 ppm increase (Figure 7a ). Though still adjusting significantly EXP4, where the aeolian iron source has been completely eliminated, has had a 181 ppmv increase in pCO 2 after 1000 years. Since circulation is fixed changes in atmospheric pCO 2 are entirely due to changes in export and these are due to the increasing iron stress. From (5) we expect a linear relationship between export and pCO 2 which is borne out by the numerical model experiments (Fig. 7b) . This is true for both increasing and decreasing dust source but has there is a highly asymmetric response with the sign of the change. In the case of the LGM scenario, dust delivery to the ocean increased by a factor of 5.5 globally, leading to only a 2% increase in export and an 8 ppm drawdown of pCO 2 . In strong contrast, decreasing dust flux by only a factor of two results in almost double that change in pCO 2 in the opposite direction and a significant decrease in export production. This has significant implications for climate-biogeochemistry feedbacks in a warming climate. If increasing atmospheric CO 2 , linked to a warming climate also decreases dust delivery to the oceans, there will be a significant reduction in the biological pump, amplifying the increase in atmospheric CO 2 ; a positive feedback. Perhaps such a feedback has helped drive the earth system towards extended periods of equable climate in the past? For the reasons outlined in the previous section our model does not suggest a corresponding feedback in the opposite sense.
Completely cutting off the aeolian iron supply (EXP4) results in an increase in pCO 2 of 181 ppm (Figure 7 ) after 1000 years, with a further enhancement before steady state is reached. The significant increase of atmospheric pCO 2 is in stark contrast to the model study of Bopp et al. (2003) , who eliminate the atmospheric dust source to find only a 3 ppm increase in atmospheric pCO 2 . Why do the two models differ so markedly? We believe that it is due to the different parameterizations of the oceanic iron cycle as applied in the two models. Bopp et al. (2003) employ the model of Johnson et al. (1997) , in which the loss to scavenging is represented as a Newtonian damping of dissolved iron concentration towards a uniform, specified concentration, [F e sol ] = 0.6 nM :
F e sol was assumed to be the concentration of the organic ligand. If [F e] < [F e sol ] scavenging ceases. This parameterization of scavenging was developed when the data base of ocean iron observations was considerably smaller and deepwater [F e] was thought to be uniformly ∼ 0.6 nM. A consequence of this parameterization is that [F e] at depth never drops below 0.6 nM (since the loss term becomes zero at that point). Hence, even when the external aeolian iron supply is completely shut down, the mean [F e] in the ocean does not significantly decrease. In this case ocean productivity and atmospheric pCO 2 were barely affected.
Here we parameterize scavenging as a function of the free iron concentration, F e , see Equation (6), and assume thermodynamic equilibrium between free and complexed forms of iron. This form allows scavenging to continue even at very low dissolved iron concentrations since a fraction, albeit very small, of dissolved iron is always in the free iron pool which may be scavenged. As aeolian iron input (αF e in ) decreases, F e also slowly decreases. The mean residence time of iron in our model is about 230 years (Parekh et al., 2005 ) so even after 1000 years without any aeolian source there is still a finite concentration dissolved iron supporting productivity (Figure 8 ). However it is sigificantly less than 0.6 nM (though there is still 1 nM of total ligand), and will decrease towards steady state with no dissolved iron. The parameterization employed by Bopp et al. (2003) ensures that much of the ocean will have iron concentrations close to 0.6nM after 1000 years, even without any external source, and productivity and pCO 2 remain close to modern levels.
Sensitivity to Ligand Concentration
The complexing ligand plays a key role in the iron cycle and, in our model, regulates the sensitivity of the biological pumps and pCO 2 to the atmospheric iron source (section 4.1.1). Yet relatively little is known of the distribution of ligands, and their sources and sinks, in the oceans. Here, as did Archer and Johnson (1999) , we impose a global uniform ligand concentration consistent with the few available observations (Rue and Bruland, 1995; Rue and Bruland, 1997) and guided by sensitivity studies with a box model (Parekh et al., 2004) . It has been conjectured that the ligand concentration may vary in reponse to changes in biological productivity. During the Iron-Ex II study, in the equatorial Pacific, ligand concentration increased with the addition of iron (Rue and Bruland, 1997) .
What are the consequences of a change in the imposed ligand concentration? In a further sensitivity study (EXP5), we apply LGM aeolian dust forcing and also double the imposed total ligand concentration, [L T ] = 2 nM. The simultaneous increase in ligand concentration and aeolian source almost doubles (14 ppmv) the response of atmospheric carbon dioxide relative to the LGM case (EXP1) alone. However this response is still small relative to observed glacial/interglacial changes in pCO 2 and relative to the sensitivity of the decreased dust experiments. In fact, if ligand does increase due to increased iron supply, then the reverse should also occur: a weaker iron source would lead to less ligand and we expect an even larger asymmetry between increasing and decreasing aeolian source. In the low dust scenario decreasing the ligand concentration would further aggravate iron stress and more rapidly increase atmospheric pCO 2 , relative to the change in dust source.
We stress that this experiment is simply used to illustrate how sensitive the system is to possible variations in ligand concentration but there is much to understand in that regard. The nature and role of the organic ligand(s) remains a key and open question in our understanding of the oceanic iron cycle with significant implication for the regulation of atmospheric CO 2 by the aoelian iron source.
Sensitivity to Residual Mean Overturning Circulation
The concensus of recent GCM studies (this study; Archer et al., 2000; Bopp et al, 2003) is that increased dust fluxes alone can only explain a fraction of the glacial drawdown in atmospheric pCO 2 . Other studies, using box models, have suggested that a reduction in "vertical mixing" in the Southern Ocean can have a significant effect in drawing down atmospheric pCO 2 (Toggweiler et al., 2004; reviews of Gildor, 2004; Sigman and Boyle, 2001) . What are the dyamics that are represented by this change in "vertical mixing" in such low resolution models? Keeling and Visbeck (2001) highlighted the possible role of changes to the residual mean overturning circulation of the Southern Ocean. The residual mean flow, the net transport by Eulerian mean and eddy advection is intimately tied to the stratification and patterns of surface physical forcing (e.g. Marshall, 1997) . In the Southern ocean it regulates the upwelling and delivery of macro-nutrients and iron from the circumpolar deep waters to the surface; perhaps the dominant pathway for the return of deep nutrients to the surface ocean. The resiudal mean flow also controls the residence time of the upwelled waters in the surface circumpolar ocean as they transit to regions of deep, intermediate, or mode water formation. How do changes in Southern Ocean residual mean overturning affect the local cycling of iron, phosphorus and carbon, and ultimately atmospheric CO 2 ?
We address this question with a further suite of sensitivity experiments in which the residual flow is conveniently modulated by varying the wind-stress field (though we might equally have produced a similar effect by controlling the air-sea buoyancy fluxes). Since we are particularly keen to explore the role of changes in the Southern Ocean, which plays a strong role in regulating the oceans biological pumps, we vary the wind-stress field only in the Southern Hemisphere. Since the air-sea heat and freshwater fluxes in the model include a restoring component and we maintain the climatological "target" fields, the air-sea buoyancy flux adjusts such that the residual flow varies. (Note that if the air-sea buoyancy flux were not able to adjust there could be no change in the residual mean flow; Walin, 1982; Marshall, 1997) .
In one case we double the intensity of the westerly wind-stress in the Southern Ocean (EXP6) results in an enhanced residual mean flow; the "strong overturning" case. The maximum overturning at south of 40 o S is 22 Sv (Fig. 9) ; stronger than the 5 Sv of the control (EXP0, Fig. 2 ). We also decrease the intensity of Southern Hemisphere westerlies by 50% leading to a "weak overturning" (EXP7) of about 1 Sv. In both experiments we spin the model up towards a new equilibrium state leading to new circulation patterns and an adjustment of the biological carbon pumps. In these cases we also apply LGM dust forcing in order to examine the combined effect of changes to circulation and the aeolian iron supply.
We note that though the changes to wind-stress are limited to the Southern Hemisphere and we are focussing on the Southern Hemisphere response because of the strong local control on the biological pump, there is also a clear response in the overturning circulation of the Northern basins, dominated by North Atlantic deep water formation (see Toggweiler and Samuels, 1998) . This is increased from 18 Sv in the control case (EXP0) to 24 Sv (EXP6) and 15 Sv (EXP7) in the strong and weak overturning cases respectively There are also associated changes in ACC, Gulf Stream and Indonesian through-flow transports.
Referencing to the LGM dust case with "modern" circulation (EXP1) there is a 33 ppmv increase in pCO 2 due entirely to the increased overturning rate (EXP6) and a 23 ppmv decrease when the overturning is reduced (EXP7) (Fig. 10) . Hence the residual mean circulation can exert a significant control on atmospheric pCO 2 ; Compare the difference of 8ppmv between LGM dust forcing (EXP1) and control (EXP0) where the circulation is fixed. The changes in wind-stress forcing lead to a modification of the residual mean overturning circulation which affects not only the biological pumps of carbon but also the solubility pump because of changes to the physical structure of the ocean gyres and ventilated thermocline (Ito and Follows, 2003) .
Soft-Tissue Pump.
As discussed in Section 2, the efficiency of the soft tissue pump can be considered in terms of nutrient utilization which may be measured by the ratio of export production and overturning illustrated in the relationship of equation 5. However export and overturning are not independent. Increasing the Southern Ocean residual overturning enhances the rate with which nutrients, both phosphate and iron, are brought up into the euphotic zone driving an increase in export production in the region (Fig. 11a) . The opposite response occurs when the residual overturning is reduced (Fig. 11b) . The wider impact differs between ocean basins. The Atlantic basin is generally iron replete and macronutrient limited and its macro-nutrient supply is modulated by the northwards, surface residual flow into the basin (Dutkiewicz et al., 2005) and to the regions of intermediate and mode water formation (Sarmiento et al., 2004) . With a stronger overturning the surfaceoriented lateral transfer of phosphate into the Atlantic is increased, enhancing basin wide productivity (Fig. 11a) . In contrast the Indo-Pacific basin is fed by inflow of bottom waters and does not benefit from the increased upper ocean overturning. The enhanced supply and net increase of macro-nutrients in the Atlantic basin thus occurs at the expense of the Indo-Pacific (seen simply in terms of a global conservation constraint) and these basins experience a decrease in productivity when the upper ocean overturning is increased. In contrast, the sluggish circulation of EXP7 (Fig. 11b) reduces the vertical supply of phosphate and iron to the Southern Ocean euphotic zone, decreases the lateral transfer to the Atlantic basin, resulting in an accumulation of nutrients in the Pacific.
Curiously, but due to to the complex interactions of circulation and productivity, global export actually increases in both the stronger (EXP6, 14%) and weaker (EXP7 5%) overturning cases, relative to the reference LGM run (EXP1). Hence, according to the simple view of equation (5), export changes so as to reduce pCO 2 . However, regional compensation in changes to export (Fig. 11) leads to only moderate global change (Dutkiewicz et al., 2005) and, from (5), it is clear that the dominant control on the soft-tussue pump is the direct effect of changing overturning in circulation which modulates the residence time of deep waters and hence their potential to accumulate biogenic carbon.
Modulation of the soft tissue pump, dominated by the effect of changing deep ocean residence time, is consistent with the response of pCO 2 to changes in the modeled overturning.
Solubility Pump.
While the changes in pCO 2 are generally consistent with the modulation of the soft tissue pump there is another potentially significant mechanism at play. Since we also modify the circulation and hydrography of the ocean model, there is also some change to the (abiotic) solubility pump. To what extent do these affect pCO 2 ? We have used changes in wind-stress forcing to manipulate the residual mean overturning circulation. Simple scalings and idealized numerical models indicate that an increase in wind-stress forcing will reduce the ocean storage of carbon by the (abiotic) solubility pump (Ito and Follows, 2003) . As the wind-stress increases, the boundary currents become swifter and the waters ventilating the subtropical thermocline are more undersaturated. In addition, the reservoir of warm thermocline waters, with low saturation DIC, increases. Both effects drive carbon into the atmosphere as wind-stress forcing increases, in accord with the response of the present model. The idealized models of Ito and Follows (2003) suggest that a doubling the amplitude of wind stress forcing over one hemisphere could drive an increase of atmospheric pCO 2 of 5 to 10 ppmv, dependent upon the rate of diapycnal mixing.
Hence we can explain the sensitivity of modeled pCO 2 to the modified circulation as a combination of changes to solubility and biological pumps, with significant and reinforcing contributions from each, but dominated by the latter.
Summary and Discussion
We have examined the sensitivity of atmospheric pCO 2 in a global circulation and biogeochemistry model to changes in physical and biogeochemical boundary conditions including the strength of the aeolian iron source, the vigor of the residual mean overturning circulation in the Southern Ocean. While we do not attempt to simulate the conditions at the LGM, these model explorations enable us to comment on the possible role of several mechanisms which may regulate atmospheric CO 2 in that period and other, very different, climatic states. We point out that the numerical models presented here represent a set of idealized sensitivity studies which hopefully provide insight, but do not attempt to comprehensively simulate glacial-interglacial changes, for example. We have focussed on exploring select mechanisms and by necessity make some strong assumptions. For example, we only crudely represent organic ligand(s) which are not yet well understood (Wells et al., 1995; Macrellis et al., 2001 ) and recent work also shows that a significant fraction of "dissolved" iron is in colloidal form (Wu et al., 2001 ), yet too little is known for us to incorporate this aspect at all. Likewise, the residual mean overturning of the model includes a parameterization of the effect of eddies since we cannot perform such a suite of sensitivity studies at mesoscale resolution on the global scale. With these cautions in mind, however, we believe that these numerical models provide some useful insights.
In common with other recent numerical models, the response of atmospheric carbon dioxide to an increased aeolian supply of iron to the ocean, representative of that during during the LGM, is too weak to explain the observed change in pCO 2 alone. In this model a 5.5-fold global increase in aeolian iron supply results in an 8 ppm drawdown of pCO 2 (c.f. Archer et al., 2000a; Bopp et al., 2003) . There are three mechanisms which lead to this limited response: Firstly, the primary source of iron to the remote surface Southern Ocean of the model is due to upwelling, even with LGM aeolian dust transport and the upwelling iron concentration is limited by the fixed concentration of organic ligand. Secondly, regional compensation in the response to enhanced iron source means that changes to global export production are only modest. Finally, the nature of deep water formation in the model selects for high pre-formed nutrient concentrations and ultimately restricts the efficiency of the biological pump.
However, we find a very asymmetrical response to changes in the dust source with a strong sensitivity to decreasing aeolian iron supply. Interest in the decrease of pCO 2 in glacial periods, stimulated by the hypothesis of Martin (1990) , has generally motivated the development and exploration of models of the oceanic iron cycle. Hence there has been little consideration of the case when the aeolian iron source may be lower than todays. We find that decreasing the aeolian source leads to a steady decline of dissolved iron concentrations, a weakened biological pump and higher atmospheric carbon dioxide concentrations. There is a strong, and continuing response as the dust source is reduced until there is a dead ocean. Reducing the aeolian source by a factor of 5, relative to today's, drives to an increase in pCO 2 of almost 100ppm in this closed system. The strongly asymmetric response to the dust source has significant implications for sustaining periods of warmer climate. We expect warmer, equable climates to be characterized by higher saturation vapor pressure, stronger hydrologic cycle, weaker meridional temperature gradients and weaker winds. Under such conditions we might expect smaller source regions for aeolian dust and faster deposition. Hence, we speculate, in warm climate periods, the remote oceans receive much less aeolian dust which could significantly weaken the soft tissue pump, increase atmospheric pCO 2 and reinforce climate warming. We speculate that this positive feedback may be an important mechanism in the initiation or maintenance of periods of warmer climate. In contrast, due to the limitations outlined above, the role of the iron cycle is limited in periods of cooler climate.
Furthermore, this scenario is currently of topical interest: We are in a period of climate warming and satellite data indicates that aeolian delivery of iron to the global ocean has decreased by 25% between 1981 -1986 (Gregg et al., 2003 . Some studies suggest that the aeolian dust supply could decrease by a factor of two over the next century though this is not yet clear since anthropogenic effects might lead to an increase (Tegen et al., 2004) . Such a significant decrease, were it to occur however, would enhance the rate of increase of atmospheric CO 2 due to human activity, and any associated climatic influence.
Could the ocean's carbon pumps have played a role in reducing atmospheric pCO 2 in glacial periods? In a further set of sensitivity studies we show that there is also considerable sensitivity to the vigor of Southern Ocean residual mean overturning. Enhnaced overturning results increases atmospheric pCO 2 and vice versa, dominated by the effect of changing the deep ocean residence time and accumulation of biogenic carbon. The model suggests a sensitivity of atmospheric pCO 2 of about 3ppmv per Sverdrup change in Southern Ocean residual overturning. Hence changes in wind-stress and buoyancy forcing, which control the residual mean flow, may be a significant regulatory mechanism and provide a plausible physical framework for variations in "vertical mixing" invoked by low resolution box models. Figure 1 : Two layer schematic of the ocean phosphorus cycle. h (m) is the depth of the euphotic zone and ψ the residual mean overturning rate (Sv). P O 4s is the surface phosphate concentration and P d is that in the deep ocean. E (mol P m −2 s −1 ) is rate of biological export of phosphorus, which is remineralized in the deep reservoir. and (b) for the LGM (Mahowald et al., 1999) . Contours are in log scale. Areas shaded grey have log values greater than 0 (i.e. 1nM). We assume 3.5 weight % of dust is iron and 1% bioavailability. Figure 10: Sensitivity of atmospheric pCO 2 to changes in residual overturning relative to control run (EXP0). Perturbation runs were forced with LGM dust flux. Residual circulation was modulated by changing the Southern Ocean westerlies. Since EXP6 and EXP7 are run with LGM dust, we also include the LGM run with normal winds (EXP1) for comparison. Figure 11: Difference in biological export in the top layer of the model (gCm −2 yr −1 ) between: (a) high-residual and LGM cases (EXP6-EXP1), and (b) low-residual and LGM cases (EXP7-EXP1). Grey shading indicates regions where biological export increased relative to LGM case (EXP1).
